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Abstract 
 
 
In order to improve the optimisation of mineral processing operations the rheological 
properties of slurries must be determined as accurately as possible under the 
conditions that closely resemble actual site conditions. The rheology of particles 
suspended in Newtonian fluids is well documented. However, the rheology of 
particles in non-Newtonian fluids has not been the subject of much investigation till 
now. The work conducted here attempts to fill this gap in knowledge. 
 
The rheological properties of slurries are heavily dependent on the solids 
concentrations and particle-solid interaction. At low solids concentrations, constant 
viscosity and Newtonian behaviour is observed, but as solids concentration increases 
the rheological behaviour becomes increasingly complex and non-Newtonian with 
viscosity becoming dependent on the shear rate. The nature of the non-Newtonian 
behaviour depends on the solid concentration, particle shape, particle size, particle 
size distribution and the suspending liquid rheological properties. The 
suspension/slurry may develop a yield stress and become time dependent in nature as 
structures develop within the fluid at higher solids concentrations. This study 
however, is primarily focused on the measurement of the rheological properties, 
where it is assumed that the fluid will be fully sheared and that the rheological 
properties will be unlikely to change with time. 
  
Shear thickening behaviour of slurries was the focus of this work. The aim was to 
investigate the slurry concentration region where shear thickening occurs.  
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The first objective of the project was to develop a fluid analogue which will have 
similar rheological behaviour to that of concentrated tailings from gold mines so that 
it can be used as a test material to simulate the flow behaviour of the tailings in a pipe. 
The second objective of this project was to enable the prediction of flow behaviour in 
the pipe loop under certain conditions using the fluid analogue for slurry from Sunrise 
dam. 
 
In order to achieve the objectives, experiments were carried out to obtain a fluid 
analogue of a shear thickening slurry. CSL 500 and SR 200 rheometers were used for 
the characterisation of different fluid analogues and shear thickening mineral slurries. 
Malvern Sizer, model: mastersizerX v1.1, was used to obtain particle size 
distributions. A mini pipe loop system, located in the laboratory of the Rheology and 
Materials Processing Centre (RMPC) was used to get pipe line flow data for 
comparison with the rheometer data. 
 
 
A few fluid analogues with different suspending medium and different concentrations 
of glass spheres was tested before finally using, 48 vol% glass spheres in 1.8 wt% 
CMC solution as a fluid analogue for the mineral tailings obtained from Sunrise dam, 
WA. For comparison between the pipe line and rheometer data, all pipe line data (in 
the form of 8V/D) were converted to rheometer data (in the form of du/dr) using the 
Robinowitsch-Mooney equation.  
 
The above comparison indicated that it is possible to produce fluid analogue to 
simulate the flow behaviour of Sunrise dam slurry using a shear thinning suspending 
medium with high concentration of glass particles. Shear thickening flow behaviour 
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was clearly observed in the rheometer while it was less predominant in a pipe line 
flow. 
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1 CHAPTER 1:  INTRODUCTION 
16  
 
1.1 Rheology 
The science of rheology is only about 80 years of age. It was founded by two 
scientists meeting in the late '20s and finding out having the same need for describing 
fluid flow properties. The scientists were Professor Marcus Reiner and Professor 
Eugene Bingham (Amiji and Sandmann, 2002).  
Fluid rheology is used to describe the consistency of different products, normally by 
the two components viscosity and elasticity. By viscosity it usually means resistance 
to flow or thickness and by elasticity usually stickiness or structure.  
1.2 General concepts of slurry flows: 
Slurry is essentially a mixture of solids and liquids. Its physical characteristics are 
dependent on many factors such as size and distribution of particles, concentration of 
solids in the liquid phase, size of the conduit and level of turbulence, temperature, and 
absolute viscosity of the carrier. Nature offers example of slurry flows such as 
seasonal floods that carry silt and gravel. Every year during the flood season, the Nile 
transports massive amount of silt over thousands of miles to the Saharan desert.  
Mining has employed the concept of slurry flows in pipelines since mid-nineteenth 
century, when the technique was used to reclaim gold from placers in California. 
Long-distance slurry pipelines have evolved in all continents since the mid-1950s. 
Some slurry mixtures consist of very fine solids at high concentration, such as those 
in the copper concentrate pipelines of Escondida, Chile, and Bajo Alumbrera, 
Argentina. Other mixtures are based on coarse particles up to a size of 150 mm (6”), 
such as those pumped from fields of phosphate matrix (Abulnaga, 2002).  
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1.3 Background: 
An economically viable ore body may contain only 1 % valuable minerals or even 
less. For exceptionally valuable products such as gold, only a few grams per tonne 
may be economically viable. Thus it is usual that a lot of gangue material will also be 
unearthed as a part of mining process. The transportation and processing of ore is 
often in the form of slurries. Water is therefore a key component of every mining and 
mineral processing operation and in 1996-97 Australian mine sites used over 570 GL 
of water (Australian Bureau of Statistics, 2001). However, Australia is one of the 
driest continents and is characterised as having a high spatial and temporal variability 
in climatic conditions, (Australian Bureau of Statistics, 2001), making water an 
extremely valuable and expensive commodity. The plant life cycle cost of a mining 
operation is typically influenced greatly by the throughput or processing rate, the 
solids concentration and rheological properties of the slurries (Wills, 1976). In more 
recent years a greater focus is being placed on improving the design and optimization 
of mineral-processing operations to reduce costs. In order to achieve this goal it is 
crucial that actual properties of the slurries being processed including the rheological 
properties be determined under conditions that realistically represent those found in 
actual site operations. 
Solid/liquid mixtures can be divided into two broad categories; settling slurries and 
suspensions. Suspensions (non settling/slow settling slurries) usually consist of fine 
particles (smaller than 40 µm) at high solid concentrations. The slow settling rate of 
particles in these suspensions means that their rheological properties can be measured 
using generic standard rheological instruments. However, while only standard 
rheological instruments are required; slip, the presence of yield stress, possible shear 
18  
thickening and time dependent behaviour often mean that advanced measurement 
techniques are required (Steffe, 1992). Compared to suspensions, test slurries 
(settling) consist of diverse range of particle sizes, which include large particles 
(greater than 40 µm) and higher solid concentrations. A significant problem 
encountered when measuring the rheological properties of these slurries in standard 
instruments including: parallel plate, bob and cup and capillary tube, is that the 
particles settle during measurements. The formation of a concentration gradient 
within the instrument can lead to substantial error in the measurement of rheological 
properties of slurries. 
1.3.1 Introduction: 
In order to improve the optimisation of mineral processing operations the rheological 
properties of settling slurries must be determined as accurately as possible under the 
conditions that closely resemble actual site conditions.  
1.3.1.1 Rheology of slurries and suspensions: 
Settling slurries and suspensions or solids in liquid may exhibit a wide variety of 
rheological behaviour. The rheological properties are heavily dependent on the solids 
concentrations of slurries (Clarke 1967, Saraf and Khullar 1975). At low solids 
concentrations, constant viscosity, Newtonian behaviour is observed, but as solids 
concentration increases the rheological behaviour becomes increasingly complex and 
non-Newtonian with the viscosity becoming dependent on the shear rate. The nature 
of the non-Newtonian behaviour depends on the solid concentrations, the particle 
shape, the particle size, the particle size distribution and the suspending liquid 
rheological properties. The suspension/slurry may develop a yield stress and/or 
become time dependent in nature as structures develop within the fluid at higher 
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solids concentrations (Barnes, 1999). Two types of time dependent behaviour are 
possible; thixotropy, where the fluid thins with time at constant shear and the opposite 
rheopexy, where the fluid thickens with time at constant shear. This study however, is 
primarily focused on the measurement of the rheological properties of settling slurries 
where it is necessary to continuously circulate or shear the slurries to prevent settling. 
Under the conditions it is assumed that the fluid will be fully sheared and that the 
rheological properties will be unlikely to change with the time. Thus time dependent 
effects will not be investigated further and the discussion will focus only on time 
independent behaviour. 
1.4 Shear thickening 
Shear thickening behaviour should not be confused with dilatancy, which is a change 
in volume on deformation, though dilatancy is often used to describe shear thickening 
behaviour. Suspensions of solids in liquid are often capable of shear thickening 
behaviour over certain ranges of shear rate. The degree of shear thickening and its 
onset is a function of solids concentration, the particle shape and size distribution. At 
rest the particles are assumed to be situated in such a way that the void space between 
particles is at a minimum, but as the shear rate increases the particles become more 
disordered and there may be insufficient liquid to fill the space between the particles 
leading to direct particle contact which causes an increase in apparent viscosity of the 
fluid or shear thickening behaviour (Andrade et al., 1949 and Mondy et al., 1994). 
A fluid that shows purely shear thickening behaviour is extremely rare, but in such 
cases the rheological models such as Power low model or Cross model presented for 
shear thinning fluids can be used to describe the behaviour of the fluid, except that 
pre-exponential parameter n must be greater than one. In more practical situations 
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shear thickening behaviour may be observed over a particular range of shear rate 
values and in these cases several different rheological models may be needed to 
describe the fluids behaviour over a wide range of shear rates. 
The rheology of particles suspended in Newtonian fluids (fluids where there is a 
linear proportionality relationship between the applied shear stress and the shear rate) 
is well documented. The rheology of particles in non-Newtonian fluids has been the 
subject of investigation from last few years but not in as much detail as the rheology 
of particles suspended in Newtonian fluids. The work conducted here attempts to fill 
this gap in knowledge. 
1.5 Aim of the project 
 
In particular, shear thickening behaviour of slurries will be the focus of this research. 
The purpose of this project is to enable the prediction of flow behaviour of 
concentrated slurries in the pipe loop under various laminar flow conditions using the 
fluid analogue to slurry and to find the suitable rheological model from the literature 
for the fluid analogue and tailings from the Sunrise dam. The major objective of the 
project is to develop a fluid analogue which will have similar rheological behaviour to 
that of the tailings from Sunrise dam so that it can be used as a test material to predict 
the flow behaviour of tailings in a pipe. The other objective is to investigate the flow 
behaviour of the fluid analogue and the Sunrise dam slurry through a pipe. This will 
ascertain whether shear thickening effect of concentrated slurry, observed in a 
rheometer can also be observed in a pipe flow. 
 
Having understood the factors that determine the viscosity of the suspension, the 
suspension can then be modified by an appropriate choice of these parameters (eg. 
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particle size, concentration of particles, viscosity of carrier fluid etc.) to yield a 
suspension with the desired slurry properties. 
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2 CHAPTER 2: LITERATURE REVIEW 
23  
2.1 Flow of slurries in pipelines 
Slurry is a fluid containing solid particles in suspension. Slurries can be divided into 
two classes: settling and non-settling. 
Non-settling slurries usually consist of a high concentration of finely divided solid 
particles suspended in a liquid. The solid particles may also settle so slowly that the 
slurry may be regarded for all practical purposes as non-settling. Like true liquids 
non-settling slurries may exhibit either Newtonian or non-Newtonian flow behaviour. 
Non-settling homogeneous slurries can be pumped through a pipeline either in 
laminar or turbulent flow. 
 
Compared with non-settling slurries, settling slurries contain larger solid particles at 
lower concentrations. Settling slurries are essentially two phase heterogeneous 
mixtures. The liquid and the solid particles exhibit their own characteristics. Thus in 
contrast to non-settling slurries, the solid particles in settling slurries do not alter the 
viscosity of the conveying liquid. Settling slurries can not be pumped in laminar flow 
unless a carrier fluid is a non-Newtonian fluid. Turbulence must exist to prevent the 
solid particles from settling. Settling slurries should be pumped through pipelines at 
velocities which just prevent the solid particles from settling. This results in a 
minimum pressure drop across the pipeline. (Holland, F.A., 1973). 
 
The applications of transport of solids by liquids in pipelines are broad. They include 
long distance hauling of coal, dredging and filling, collection and disposal of solid 
wastes and material processing. A distinguished class of suspended particle systems 
consist of concentrated slurries containing coarse, dense particles. Virtually all 
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suspended systems encountered in slurry pipelines transportation and a substantial 
fraction of all industrial slurries belong to this class. (Turian et al., 1989). 
 
In mineral processing, it is often necessary to transport tailings over long distances in 
large diameter pipes at solid concentrations of up to 30%. Processing of these ores 
requires the disposal of large quantities of low concentration slurries, composed of 
very small particles. These slurries are concentrated in thickeners before transporting 
over long distance in a pipeline. At these concentrations, the suspension can no longer 
be regarded as a Newtonian fluid and it is necessary to determine its rheological 
properties for the optimum design of the transport pipeline system (Fam et.al, 1987). 
2.2 Rheology of suspensions 
To understand coarse particle suspension it is essential that some understanding of the 
rheology of suspensions of particles in a carrier fluid be established, particularly the 
rheological behaviour of coarse mineral suspensions. Suspensions include cement, 
paint, printing inks, coal slurries, drilling muds and many proprietory products like 
medicines, liquid abrasive cleaners and foodstuffs. 
 
The factors that influence the rheology of suspensions have been the subject of much 
rheological research, both experimental and theoretical. These have been geared 
toward the prediction of viscosity of concentrated suspensions in Newtonian or non-
Newtonian carrier fluids (Chin, 1992). In general, concentrated slurries exhibit shear 
thickening flow behaviour.  
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2.3  Shear thickening fluids 
There are very few suspensions/dispersions for which viscosity increases with 
increase in shear rate. Such a phenomenon is known as shear thickening. The rate at 
which the shear thickening begins to take place is known as critical shear rate γ cA . 
Reordering of the particles in the dispersions due to stress causes the rheological shear 
thickening. Under certain conditions, polymer suspensions also exhibit shear 
thickening behaviour (Hoffman, 1972 and Boersma, 1990). 
 
Barnes (1989) quoted that Freundlich et al (1938) first observed shear thickening in 
concentrated suspensions. Some materials such as concentrated starch paste and 
mineral slurries are shear thinning at low shear rates but show shear thickening 
behaviour at high shear rates. One of the major causes for the shear thickening to 
occur is some order-disorder transition which takes place at a critical point under the 
application of shear. Several parameters such as volume fraction, particle size, shape 
and size distribution and the medium viscosity are known to affect the onset and 
degree of shear thickening. The critical shear rate for transition to shear thickening 
behaviour is widely dependent on the volumetric concentration of the dispersed phase.  
 
2.3.1  Review of shear thickening in concentrated suspension 
For processing the dispersions, knowledge of flow behaviour is one of the aspects that 
must be understood. This applies especially to concentrated suspensions. In 1989, 
Barnes published a review article on shear thickening in which he concluded that 
shear thickening takes place in all dispersions and almost all the explanations for 
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shear thickening rely on some kind of change in relative spatial disposition (Barnes, 
1989). 
 
Different explanations have been given for the phenomenon of shear thickening in 
monodisperse dispersions but it is now almost generally accepted that an order-
disorder transition is responsible for the rise in viscosity. Hoffmann (1998) showed 
that layers of particles, packed in two-dimensional hexagonal packing at low rates of 
shear, break up into less ordered arrays in the region of shear thickening. These results 
led Hoffmann to suggest that the flow instability caused the particles to break out of 
their ordered layers at some critical level of shear stress and jam into one another, 
thereby causing the rise in the viscosity. This can be concluded from light scattering 
experiments as well as from computer simulations. Hoffmann (1972) showed with 
light scattering that when shearing well-stabilized monodisperse polyvinylchloride 
dispersions in dioctylpthalate, a transition occurred from a two-dimensional ordered 
state of hexagonally packed layers to a disordered state. This transition appeared at 
the same shear rate at which the sudden jump in viscosity took place. He also 
introduced a new criterion for the onset of shear thickening in the concentrated 
dispersions. The criterion follows from the assumption that shear thickening occurs 
when the shear forces overrule the inter-particle forces. It was assumed that when a 
concentrated stabilised monodisperse dispersion at relatively low shear rates is 
sheared, repulsive inter-particle forces keep the particles in the layered structure. At a 
certain higher shear rate, however, the shear forces that push the particles together 
become larger in magnitude than the inter-particle forces. As a result of this, the 
particles are moved from their equilibrium position. This leads to a transition from a 
layered to a disordered structure, causing an increase of the dispersion viscosity. 
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Taking a different track, Brady and co-workers (1985) began simulating the flow 
behaviour of concentrated suspensions by Stokesian dynamics. Investigating 
moderate density charge stabilized suspensions by this approach, Brady and Bossis 
(1985, 1988), found that the model predicts shear thickening without layering, and the 
cause of shear thickening appears to be cluster formation. These clusters are 
composed of compact groups of particles formed when shear forces drive particles 
nearly into contact. Under these conditions, short-range lubrication forces cause the 
increase in viscosity with increasing shear rate as the clusters become larger and 
larger. 
 
The rheology and microstructure of concentrated colloidal suspensions, within the 
shear thickening regime, were investigated using Stokesian dynamics by Catherall et 
al., (2000). They considered systems stabilized by charge and/or polymer layers, at 
hard core volume fractions above 40%. As volume fractions approached to 44%, 
charged stabilised systems showed transitions from ordered to disordered flow, with 
only a small increase in suspension viscosity. At higher volume fraction, they 
observed larger jumps in viscosity with changes between order and disorder and vice 
versa. At high shear rates, interparticle gaps can become very small. The thickening 
observed was dependent on the gaps of closest approach of particles, but only weakly 
for hard sphere lubrication forces. Strong thickening was only observed with the 
presence of an enhanced lubricating force. 
 
SANS measurements of the shear induced microstructure and associated stress jump 
measurements demonstrated that shear thickening is a consequence of greatly 
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increased lubrication stresses associated with hydrocluster formation (Obrien and 
Mackay, 2000). Bender and Wegner (1996) translated the concept of hydrocluster 
formation as the mechanism of reversible shear thickening into prediction of a critical 
stress for shear thickening by explicitly considering the balance between interparticle 
and hydrodynamic forces acting between two particles. A mean field correlation was 
introduced to account for the added hydrodynamic forces associated with the finite 
particle concentration. This resulted in predictions of a critical shear stress for the 
onset of shear thickening that was successful in predicting the behaviour of 
concentrated, hard sphere dispersions. 
 
Chow and Zukoski (1995) were able to partially scale the shear rates at which their 
model, charged stabilized suspension shear thickened by a characteristic time given 
by the ratio of solvent viscosity to the suspension’s static elastic modulus (the 
suspensions exhibited apparent yield stresses). It was postulated that if the shear rates 
exceed the time required for density formulations to relax, which is proportional to 
this characteristic time, stress fluctuations can not relax and shear thickening is 
induced. The fact that shear thickening was observed in their systems for volume 
fractions below 50% was rationalized by arguing that particle diffusion is reduced at 
higher concentrations and that the relaxation of the fluctuations is proportional to its 
self-diffusivity and the characteristic time. This argument introduced the concept of a 
competition between time scales that has been recently expanded upon and quantified 
by Melrose and Ball (2000). They postulated an additional criterion for shear 
thickening, relating the critical shear rate to the characteristic relaxation time of a 
particle doublet. The argument is a competition of time scales for convection due to 
shear vs. the time required for which the doublet to decouple due to repulsive 
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interparticle forces. In their analysis the rate at which doublet separates is determined 
by the ratio of the hydrodynamic drag to the effective spring constant of the 
interparticle interaction calculated at a characteristic distance. This separation distance 
is given by a force balance similar to that used by Boersma et al. (1990) and Bender 
and Wegner (1996), who balanced the hydrodynamic and interparticle forces. 
 
Andrade (1947, 1949) suggested, “The phenomenon may be due to the sudden onset 
of turbulent flow between the grains, which causes the particles to leave their more or 
less uniform distance and to collect into little hollow enclosures.” Metzner and 
Whitlock (1958) explained the effect as due to “movement of one particle from one 
layer to another, by virtue of Brownian motion… as the shear rate increases a greater 
mass of particles undergo lateral motion.”  Goodwin (1976) stated that when the low 
shear rate situation is dominated by repulsion between the particles, they arrange 
themselves to be as far away as possible from each other; this is in a 3-D lattice 
pattern, albeit imperfect. The flow then arises from the particles moving into adjacent 
vacancies. Such a situation is characterised by a very high but finite Newtonian 
viscosity. 
 
2.4  Forces acting on the particles suspended in a liquid 
Three kinds of forces coexist to various degrees in flowing suspensions. The first 
arises from interactions between the particles. These forces can result in overall 
repulsion or attraction between the particles. The former can arise from like 
electrostatic charges or from entropic repulsion of polymeric material present on the 
particle surfaces. The latter can arise from the van der Waals attraction between the 
particles or from electrostatic attraction between unlike charges on different parts of 
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the particles. If the net result of all forces is an attraction, the particles tend to 
flocculate, while overall repulsion means that they remain separate (i.e. dispersed or 
deflocculated). 
 
Secondly, the ever-present Brownian (thermal) randomising force should be 
considered. For particles of all shapes, this constant randomisation influences the 
form of the radial distribution function (i.e. the spatial arrangement of particles as 
seen from the centre of any one particle). These forces ensure that particles are in 
constant movement. 
 
Thirdly, the viscous force acting on the particles should be taken into account. The 
viscous forces are proportional to the local velocity difference between the particle 
and surrounding fluid. 
 
Clearly, the rheology measured macroscopically is strongly dependent on these 
microstructural considerations. For instance, the presence of isolated particles means 
deviation of the fluid flow lines and hence an increased viscosity. At higher 
concentrations, more resistance arises because particles have to move out of each 
other’s way. When particles form flocculated structures, even more resistance is 
encountered because the flocs, by enclosing and thus immobilising some of the 
continuous phase, have the effect of increasing apparent phase volume, thus again 
giving a higher than expected viscosity (Barnes et. al, 1989). 
 
Tsai (1988) found that for suspensions of particles less than 1 µm (colloidal particles), 
Brownian motion promotes the formation of collision pairs and is responsible for the 
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non-Newtonian behaviour of such suspensions. This is negligible for larger particles. 
Inter-acting systems may be considered as systems where the interparticle forces 
strongly affect the rheological properties. This is usually in the subµm (colloidal) 
region. 
 
At high shear rates, large particle sizes, and low concentrations the colloidal forces 
should be minimal and the viscosity is governed mostly by the hydrodynamics 
(viscous forces) of the system. It is expected that the greatest effect of particle size 
must occur with subµm particles, because the interparticle and Brownian forces will 
then be of comparable magnitude to hydrodynamic forces (Chin, 1992). 
 
Clarke (1967) suggested that at high concentrations, viscosity is mostly due to 
interparticle impacts. At low concentrations, viscosity is determined more by 
deflection of the fluid stream lines, frictional drag, and direct transmission of shear 
through gap. 
2.5 The viscosity of suspensions of solid particles in 
Newtonian liquids 
2.5.1 Dilute dispersed suspensions 
All studies of relating the prediction of viscosity of dilute suspensions (10% and less 
phase volume) essentially extend the work of Einstein (1906, 1911) on spheres, so 
that particle shape, charge and small amount of hydrodynamic interaction arising 
when any one particle comes into the vicinity of another can all be taken into account. 
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Einstein showed that particles increased the viscosity of a liquid suspension as a 
simple function of their phase volume, according to the following formula. 
 
                                                   )5.21( Φ+= sηη                                                  (2.1) 
 
where η  is the viscosity of the suspension and sη  is the viscosity of suspending 
medium. We can see from the equation 2.1 that there is no effect of particle size, or of 
particle position, because the theory neglects the effect of other particles. When the 
interaction between the particles is included, the situation becomes more complicated. 
A great deal of work has been done and many reviews have been written on dilute 
suspensions, but almost all conclude that, apart from providing some limiting 
condition for the concentrated case, the work is of little relevance to suspensions of 
industrial importance. 
 
2.5.2 Concentrated Newtonian suspensions 
 
The situation for concentrated suspensions is even more difficult to analyse from a 
theoretical point of view. The only methods available to tackle the problems are to 
introduce the technique for averaging the influence of neighbouring particles or 
alternatively to simulate the situation using computer modelling. Ball and Richmond 
(1980) started from the assumption that the effect of all the particles in the 
concentrated suspension is the sum of the effects of particles added sequentially. 
Hence the Einstein equation can be written in a differential form  
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    Φ= dd )2/5( ηη            (2.2) 
 
where ηd is the increment of viscosity on the addition of a small increment of phase 
volume Φd  to a suspension of viscosity η . The viscosity of the final suspension is 
then obtained by integrating the phase volume between 0 andΦ , for which the 
viscosity is sη andη , respectively. Then  
 
                                                       η = sη  exp (5Φ /2)                                            (2.3) 
 
Ball and Richmond pointed out that this omits the correlations between spheres due to 
their finite size. This means that when the particle is added to a relatively 
concentrated suspension it requires more space than its volume Φd , due to packing 
difficulties. Therefore  Φd  has to be replaced by Φd / (1- K Φ ), where K  accounts 
for the so-called “crowding” effect. Integration now yields  
 
                                               )2/(5)1( Ks K
−Φ−=ηη                                                  (2.4) 
 
From this equation we can see that the viscosity becomes infinite when Φ = 1/ K . 
Therefore we can identify 1/ K  with the maximum packing fraction mΦ . Ball and 
Richmond’s expression is effectively identical to that of Krieger and Dougherty 
(1959). The Krieger-Dougherty equation is  
 
                                                 mms
Φ−ΦΦ−= ][)/1( ηηη                                           (2.5) 
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Where [η ] is the intrinsic viscosity. Both these equations reduce to the Einstein 
equation when Φ  is small. 
2.6 Computer simulation studies of suspensions rheology 
The computer simulations of flowing suspensions have been reviewed by Barnes et al. 
(1987). The simulations are not similar to computer simulations of simple liquids such 
as argon and chlorine. Both simulations use the Newtonian equations of motion and a 
Lennard-Jones type of particle-particle interaction law. The main differences are that 
the interparticle forces are smaller and the hydrodynamic resistance to motion is much 
greater for suspensions. 
 
The techniques of non-equilibrium molecular dynamics (NEMD) consider an 
assembly of particles which is given an initial set of positions in space and a set of 
velocities. The NEMD calculation is the re-evaluations of the positions and velocities 
over a succession of short intervals. From this information the stress tensor can be 
calculated, hence the viscosity and the normal stress differences. Given the 
similarities of approach, it is not surprising that the main results for simple liquids and 
suspensions are similar. Following a lower Newtonian region the systems display 
shear thinning. At still higher shear rates the simulations predict shear-thickening. 
 
Considerable support for the existence of flow-induced structures in the shear 
thinning region is provided by NEMD. The simulations show that suspensions of 
spherical particles from two-dimensional layers break up at the onset of shear 
thickening. The corresponding results in the simple liquids are the formation of 
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strings of molecules aligned in the direction of flow and, from diatomic and longer 
molecules, an additional alignment of the molecules. 
 
The normal stress components are unequal at shear rates in the shear thinning region 
and the differences increase with shear rate. The increase is slow compared with that 
predicted by polymer theory. Very little normal stress data have been obtained by 
NEMD and first and second normal stress differences generally show a considerable 
scatter. The results are often presented in terms of the trace of the stress tensor. The 
technique of computer simulation is likely to become more important in the future, 
especially in its ability to study complicated but idealized systems. (Barnes et al., 
1989) 
2.7 Parameters controlling the onset of shear thickening 
2.7.1 Phase volume 
In the literature it is shown clearly that the phase volume at which shear thickening 
began was around 50% (Lazor, 1965, Umeya and Tantifuji, 1974). Although it will be 
shown that it is not necessarily so, it is nevertheless a good initial guess to start from, 
because examination of the published results shows that around this value the 
dependence of critical shear rate, cγ?  for the onset of shear thickening on phase 
volume is small. As we move away from 50% phase volume the critical shear rate for 
the onset of shear thickening increases rapidly if the phase volume is less than 50%. If 
the phase volume is significantly greater than 50%, the critical shear rate decreases 
rapidly. The overall behaviour is summarized in the Figure 2.1. 
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Figure 2.1: Schematic representation of the dependence of the critical shear rate for the onset of 
shear thickening ( cγ? ) as a function of phase volume of the dispersed phase (Φ ). [ source: 
Barnes, 1989]. 
 
 It will be seen that cγ?  tends to zero for monodisperse systems at around 60% phase 
volume. This represents the maximum packing fraction mΦ  when the particles come 
into contact with each other. In this condition there will be no chance for the flow to 
take place. For situations other than monodisperse the value of mΦ  is different, but it 
appears that mΦ  always scales the phase volume effect, thus any increase in mΦ  
would reduce the degree of shear thickening in a suspension and vice versa. 
 
2.7.2 Particle size 
Knowing that cγ? for spherical particles suspensions is relatively insensitive to phase 
volume near 50%, its dependence on the average particle size can be looked into. 
Studies are available over a wide size range, from 0.01 to 100 µms (Maranzano and 
Wagner, 2001). The viscometers available do not always make it possible to ascribe 
exact shear rates to the experiment, but nevertheless estimates can be made, and as the 
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liquids are essentially Newtonian at the onset condition, such estimates are 
reasonable. 
 
A reduction in particle size would move shear thickening to much higher shear rates. 
Such reduction can be induced in some situations by further milling and energetically 
mixing the product. This has been noted to be beneficial in reducing shear thickening 
by Beazley (1980), Williamson and Heckert (1931), and Millman (1964). 
 
There have been several studies of the influence of particle size on viscosity of 
suspensions. Table 2.1 summarizes the effects of particle size observed by various 
researchers. 
 
Renehan (1988) found that suspensions of coal particles in a non-Newtonian 
suspension (bentonite clay) exhibited both increase and decrease in viscosity with 
increasing particle size. 
 
Experimental results from Hasan (1986) show that for high concentrations there is a 
decrease in viscosity with increasing particle size, whereas at lower concentrations 
there is an increase with increasing particle size. Some authors found no effect of 
particle size (glass in zinc bromide in aqueous glycerol) [Jinescu (1974)]. 
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Table 2.1: Effect of increasing particle size on the Viscosity of suspensions 
(Source: Chin, 1992) 
 
Increases 
in viscosity 
Decreases 
in viscosity 
Concentration System Size range 
of particles 
(µm) 
 Moreland  Coal-mineral oil  
 Renehan  Coal-water  
Saraf   Glass 37,74 
 Saraf  Alumina 14,63 
Renehan Renehan  Coal-bentonite  
Clarke  10, 15, 20, 25, 
30 
Quartz-water 30-180 
 Hasan 15, 30, 50, 55, 
60, 65 wt% 
Low rank coal-
water(high 
concentration) 
44, 62.5, 
223 
 Ulbrecht  Glass-tetralin, coal-
water 
150-
200,200-
230,230-270 
US mesh 
 Mishra  Silica-water  
Hasan   Low rank coal-
water(low 
concentration) 
 
Sweeney   Glass-water  
Shaheen   Silica  
Adams  < 50% Lignite-water d > 461 
 Schreuder  Glass-glycerol 15-80 
 Sweeney  Glass spheres in zinc 
bromide 
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It is difficult to determine the effect of particle size on the viscosity of suspensions 
since parameters which characterize the system may vary with particle size, eg. 
Shape, charge, etc. Most authors do not specify precisely the accuracy of the size 
distribution, or provide much detail as to experimental conditions. Therefore the 
disparity in observed results is not unexpected. 
 
It is expected that the effects of particle size varies depending on the range of particle 
size where these effects are studied because the actual inter-particle forces will vary 
with the size of particles. The same reasoning applies for concentration and shear rate. 
 
2.7.2.1  Explanations of the effects of particle size 
 
Some of the explanations for the variations of viscosity with particle size are as 
follows: 
2.7.2.1.1 Decreasing viscosities as particle size increases: 
 
• Increased particle interaction for smaller particles (Hasan et al., 1986). 
• The formation of aggregates or flocs with decreasing particle size due to the 
increasing significance of interparticle forces at smaller particle sizes. 
2.7.2.1.2 Increasing viscosities as particle size increases: 
• The inertia of the particles increases as the size of the particles increase thus 
larger and denser particles should have higher viscosities (Clarke, 1967). 
• Hasan et al., (1986) suggests that at low concentrations particle interactions 
are minimal and viscosity may increase with particle size. 
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2.7.3 Particle size distribution 
As pointed out earlier, the critical scaling parameter in determining the effect of phase 
volume is maximum packing fraction. This is strongly dependent on the form of the 
particle size distribution, whether it takes a continuous or multimodal form. Just as the 
viscosity of the suspension is strongly affected by the presence of particles of 
different sizes (see Farris, 1968), and that without any particular size effect, so also is 
the appearance of shear thickening within any particular shear rate range. 
 
Widening a continuous particle size distribution also increases mΦ , and this in turn 
increases the critical shear rate cγ? . Albert (1951) showed that removing the very small 
particles of a sample of clay by ultracentrifuge made the shear thickening much more 
dramatic, and brought it on at a lower shear rate. Beazley (1980) reports a similar 
effect. The general inference to be drawn from Underdal et al. (1979) is that over and 
above any particle size considerations, the broader the distribution, the higher was the 
shear rate where shear thickening sets in ( cγ? ) and the less severe was the shear 
thickening.  The well-documented study on particle size and blending is that of 
Wagstaff and Chaffey (1977) who used a series of monodisperse latices of either 
methyl methacrylate homopolymer or copolymer with ethyl acetate. They showed that 
substantial reduction of shear thickening could be achieved when latices of size ratios 
4 to 1 or greater were mixed at the same overall volume fraction. Collins et al. (1979) 
noted that “an increase in size distribution acts to suppress the sudden jump in 
viscosity seen in pastes with narrow particle size distributions.” 
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2.7.4 Particle shape 
Particle shape has long been recognized as having a major influence on shear 
thickening, but its mechanism of action is not clear; whether it is the effect of shape 
alone, or its effect on other variables such as effective phase volume, particle size, 
etc., remains in question. Beazley (1980), whose work has usually been on clay 
suspensions, notes that “more anisotropic particles tend to produce shear thickening 
more readily, do so at lower solid content, and show that behaviour over a wide range 
of solid contents.” He showed that delaminating clay particles to increase anisotropy 
gives much more shear thickening. 
 
Clarke’s (1967) study of shape showed that it can profoundly influence the flow of 
large particle size suspensions with rods having a greater effect than plates as shown 
in Figure 2.2. Dougherty (1948) noted that suspensions of calcium carbonate of 
certain crystal habit, and zinc oxide with needle shape particles can produce 
significant effects. This is why many precipitated inorganic salts become strongly 
shear thickening at such low phase volumes. 
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Figure 2.2: Effect of shape on shear thickening for Φ = 0.2 [Source: Barnes, 1989]. 
 
2.7.5 Particle-Particle interaction 
Freundlich (1936) showed that shear thickening (dilatancy) is reduced or annihilated 
if the particles show the least tendency to adhere to one another. Thus we expect shear 
thickening for systems of particles that are either neutral or repel one another by 
virtue of electrostatic, entropic, or steric interaction.  
 
The work of Albert (1951), Clarke (1967), Daniel (1940), Efremov et al. (1980), 
Freundlich and Roder (1938), Galley and Puddington (1943, 1944), Krasheninnikov 
et al (1973), Taylor et al (1965), Umeya (1970), van Wazer (1950, 1953) and Verwey 
and de Boer (1939) allow the following statements to be made that summarise the 
effect of particle-particle interaction on the flow properties of suspensions. 
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1. Deflocculated suspensions have low viscosity at low shear rates, but are shear 
thickening at high shear rate, and can show rheopexy. They have low sediment 
volume on standing. 
2. Flocculated suspensions have a high viscosity at low shear rate,   but are shear 
thinning at high shear rates and usually show thixotropy. They have a high 
sediment volume on standing. 
 
A simple example of the above is the difference between the flow properties of a 
concentrated suspension of starch granules suspended in water and those suspended in 
a nonpolar liquid such as benzene or carbon tetrachloride (Pryce-Jones, 1941), the 
former being highly shear thickening, while the later would be shear thinning. The 
work of Galley and Puddington (1943, 1944) on the effect of different level of 
deflocculant and traces of water in latices dispersed in organic liquids; show that the 
degree of particle attraction is crucial, irrespective of the form of attraction.  
 
2.7.6 Continuous phase viscosity 
In suspensions the overall viscosity (η ) is almost always a direct function of 
continuous phase viscosity ( cη ). This relationship takes the form: 
η = cη fn (phase volume, size, shape, particle size distribution)                              (2.6) 
All things being equal, doubling the continuous phase viscosity doubles the 
suspension viscosity. 
 
Efremov et al. (1980) in their review of the study of shear thickening quote results to 
show that shear thickening can be delayed by heating the suspension. This can cause 
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not only a change in particle-particle interaction, but will also decrease the continuous 
phase viscosity. Severs and Austin (1954) and Beazley (1978) also point out that 
heating can remove dilatancy. Heating also effect particle swelling, thus affecting 
particle size and phase volume, both of which strongly determine the onset condition. 
The effect of Brownian motion also increases with temperature. 
 
 It should be noted from Figure 2.3 that exchanging one continuous phase liquid for 
another can often change the extent of particle interaction. There can then be an 
increase in average particle size due to flocculation, or because better solvent 
properties can cause the suspended particles to swell by ingress of the continuous 
phase. This gives larger particles and an increased phase volume, thus greatly 
increasing the possibility or extent of shear thickening. 
 
 
 
Figure 2.3: Effect of solvent viscosity on flow curves of shear thick latex. [Redrawn from lazor, 
1965]. 
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2.8 Rotational rheometry 
Rotational rheometry is employed to measure steady state and dynamic rheological 
properties of a fluid. The fluid is held between two surfaces either in the form of 
plates, cones or cylinders and one of the surfaces is rotated to produce viscometric 
flow. Viscometric flow is assumed to have been generated when the fluid flows in the 
form of layers within the confined space of measuring section of the rheometer. The 
viscous property of the fluid is measured in the form of shear stress generated in the 
fluid layer for an applied rate of shear. The viscosity of the fluid can be calculated as: 
 
                                                              γ
τμ ?=                                                     (2.7) 
i.e. shear stress divided by the shear rate. The above definition holds good for non-
Newtonian fluids also. 
The viscometric flow in the rotational mode may be of several types: 
 
a) Cone and Plate 
b) Parallel plate 
c) Couette 
 
2.8.1 Parallel Plate Rheometers 
The principle of operation of a parallel plate rheometer is similar to that of a cone and 
plate rheometer. In the parallel plate torsional flow the fluid is held in the small gap 
between two concentric parallel plates and the rotation is provided by one of the 
plates. Usually the gap between two parallel plates is much higher than the gap 
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allowed in the cone and plate system. This allows rheological measurement possible 
for suspensions having particles much larger than those in the cone and plate system. 
 
This system creates non-uniform shear rate and shear stress in the fluid sample tested. 
The shear rate in the fluids varies with the radial position and is given by the relation: 
 
                                                       hrr \ωγ =?                                                    (2.8) 
 
Where rγ?  is the shear rate at the radial position ‘r’ and ‘h’ is the gap between the 
plates (Bhattacharya, 2002). 
 
2.9 Rheological models for different types of slurries 
2.9.1 Sisko model 
A simple three-parameter equation was proposed by Sisko (Sisko, 1958) based on the 
concept of additive Newtonian and non-Newtonian stresses 
 
                                                         15
−
∞ += nK γηη ?                                             (2.9) 
 
The Sisko model, which combines low and intermediate shear (power-law) with high 
shear Newtonian limiting behaviour, was found to provide the best overall description 
of the flow curves for all shear thinning slurries, at all solid loadings, over the entire 
measured range of shear rates. This finding by Sisko is significant because this model 
evidently works for most non-Newtonian solid-liquid suspensions, and also because it 
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is applicable over precisely the range of shear rates relevant to pipeline transport of 
the suspensions. 
 
2.9.2 Bingham model 
Bingham model is a simple two-parameter model for yield stress material as given 
below. 
 
                                                          γηττ ?By =−                                                  (2.10) 
 
where yτ  is termed the yield stress and Bη  is called the plastic viscosity. The 
Bingham model is often used to represent many concentrated dispersions, emulsions 
and multiphase mixtures over a range of shear rates, in many situations the flow 
behaviour is simply approximated as a Bingham model due to the simplicity of this 
model (Collyer and Clegg, 1998). 
 
2.9.3 Herschel-Bulkley model 
                                                         ny Kγττ ?+=                                                 (2.11) 
This is a three-parameter model, which can be reduced to a Bingham model or to a 
power law model as a special case. This model is used widely for suspensions except 
at very high shear rates because at high shear rates the model predicts that viscosity 
tends to zero, which is obviously incorrect (Collyer and Clegg, 1998). 
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2.9.4 Casson model 
                                                2/12/12/1 )( γηττ ?cy +=                                           (2.12) 
 
This model is also often used to represent yield-pseudoplastic fluids. It has been used 
successfully to describe the flow behaviour of many food dispersions and mineral 
suspensions (Collyer and Clegg, 1998). 
 
2.9.5 Power law model 
 
The most commonly used model to describe the flow behaviour of pseudoplastic 
fluids is the power law model relating shear stress, τ  and shear rate,γ?  by the 
following equation, 
 
                                                                  nKγτ ?=                                                (2.13) 
 
where n and K are fluid parameters. The term n is call flow behaviour index and is a 
measure of non-Newtonian nature of the fluid. The advantage of the power law model 
is that it has only two constant parameters and the model is easy to use in analytical 
and numerical calculations of complex flow problems. The greatest deficiency of the 
power law model is that the initial slope hence the zero shear viscosity is predicted as 
infinity where as real substances exhibit finite zero shear viscosity.  
 
Amongst these models listed above, the Power law model can be used for shear 
thickening mineral suspensions if the flow behaviour index is greater than 1. Sisko 
model can also be used if there is no yield stress in the suspensions but almost all the 
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shear thickening suspensions tend to show yield stress. So, Herschel-Bulkley model is 
widely used for the shear thickening mineral suspensions (Collyer and Clegg, 1998). 
 
2.10  Wall slip  
For flow of suspensions there is evidence that a particle-depleted layer exists near 
solid boundaries; this could be interpreted as slippage of the sample along a 
suspending fluid layer. The approaches to overcome slip effects in suspensions are to 
obtain data using different viscometer geometries, or to modify the formulae for the 
various viscometer geometries to account for wall slip. Studies with suspensions of 
spherical particles, suspensions of rodlike particles and particulate filled polymer 
melts indicate that, if the ratio of edge gap to longest particle dimension is greater 
than three, the effect of viscometer should be small, and so should be the effect of the 
bounding surfaces. Greater accuracy may require larger ratios of characteristic 
viscometer gap to characteristic particle length (Barnes, 1995). 
 
To modify viscometric formulas, it is assumed that the slip can be characterized in 
terms of a slip velocity sv , a function of the stress σ  at the surface. Yoshimura and 
Prud’home (1988) have derived expressions for concentric cylinder and parallel-plate 
geometries that account for wall slip. 
 
The parallel plate experiments used two gap separations, h1 and h2. The ‘apparent’ 
edge shear rates, 
1Rh
γ?  and 
2Rh
γ?  are found using the following equation. 
 
                                                              R
hR
Ω=γ?                                                  (2.14) 
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Multiplied by Rγ? , the viscosity for a particular edge shear stress Rσ  is 
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The formula in this section can be used to correct viscosity measurements for wall slip 
effects and to calculate the slip velocity. In this way, the relationship between the 
applied stress and the slip velocity can be determined (Collyer and Clegg, 1998). 
 
In emulsions, slip is well known to occur during the flow of two phase systems 
between smooth and solid boundaries. When dispersed systems, such as concentrated 
emulsions, are brought into contact with a smooth, solid surface, the displacement of 
the dispersed phase away from the solid boundaries occurs. This displacement of 
dispersed particles away from the solid boundaries is caused by various physico-
chemical forces acting on the dispersed particles immediately adjacent to the walls. 
The various physico-chemical forces are: steric, electrostatic, hydrodynamic, 
viscoelastic, and gravitational. For example, if the walls and particles carry the same 
electrostatic charges, the walls will repel the adjacent particles. Also, if the densities 
of dispersed and continuous phase are different, sedimentation or creaming of 
dispersed particles will take place in the rheometer. Due to the steric hindrance of the 
dispersed phase near the solid boundaries, the entropy of the dispersed phase is 
reduced. In order to increase this entropy, the dispersed phase moves away from the 
solid boundaries. Because of the migration of the particles away form the solid 
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boundaries; a thin layer of continuous phase liquid is formed adjacent to the solid 
boundaries (Barnes, 1995).  
 
Any rheometer or viscometer geometry can show slip effects under the appropriate 
circumstances, but those with smooth walls and high shear-rate gradients are most 
vulnerable. The liquids that give large slip effects in the appropriate geometries are 
concentrated solutions of high molecular weight polymers, suspensions of large or 
flocculated particles and emulsions of large droplet size. 
 
Slip effects in viscometers or rheometers can usually be coped with if they are 
confined to very thin layers, and no gross changes occur in the bulk of the fluid. Then 
the overall flow can be split into the slip flow operating at the wall, and the bulk flow 
effectively seeing a moving wall, but flowing normally within it with an added 
boundary velocity (Barnes, 1995). 
 
According to Barnes (Barnes, 1995), the following conditions usually lead to large 
and significant slip effects: 
1) A large particles as the dispersed phase—flocs are considered as large 
particles; 
2) A large dependence of viscosity on the concentration of the dispersed phase, 
smooth walls and small flow dimensions; 
3) Usually low speeds/flow rates, and 
4) Walls and particles carrying like electrostatic charges and the continuous 
phase is electrically conductive. 
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2.11  Flow of time-independent Non-Newtonian fluids in pipes 
 
Non-Newtonian fluids may flow in laminar, transitional or turbulent motion. Also, a 
finite distance of travel from the entrance of pipe is required for the development of 
stabilised flow.  
 
When the constitutive equation for the fluid is known or assumed, in stabilised 
laminar flow, the pipe flow relations may be derived by simple theoretical analysis 
paralleling the treatment leading to the Hagen-Poiseuille relationships for Newtonian 
fluids. In turbulent flow, as with the Newtonian fluids, theoretical analysis leads to a 
certain distance but it must be supplemented by experimental observations. 
 
First we derive the Rabinowitsch-Mooney equation, which is important in the 
interpretation of rheological data taken from the rheometers, and generally applicable 
to any time-independent, non-Newtonian material in the laminar flow. 
2.11.1  The Rabinowitsch-Mooney relations 
 
A perfectly general relationship for the steady, stabilized, laminar flow of any time-
independent purely viscous fluid in a pipe may be developed from a generalized 
constitutive equation. The resulting equations, although usually referred to as the 
Rabinowitsch-Mooney relations, according to Savins, Wallick, and Foster (1962) 
were first developed by Herzog and Weissenberg (1928). Rabinowitsch (1929) and 
Mooney (1931) recognised the full significance of the relationships and came up with 
a general relationship for the rate of shear at the wall, 
wdr
du ⎟⎠
⎞⎜⎝
⎛  as 
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Where V is the average velocity in a pipe with diameter, D. 
 
Equation (2.18) is a plot of ΔP/ (4L/di) against 8V/D for a typical time independent 
non-Newtonian fluid flow in a pipe. For the laminar flow region the plot gives a 
single line independent of pipe size and for the turbulent flow region a separate line 
for each pipe size. (Holland, F.A., 1973).  
 
2.12  Shear thickening in pipe 
 
Soltero et al. (2003) showed that dilute solutions of wormlike micelles exhibit shear 
thickening due to changes in microstructure induced by shear flow. They examined 
shear thickening in pipe flow of wormlike micellar solutions by flow visualization 
with a PIV (Particle Image Velocimetry) apparatus. A simple model consisting of the 
Maxwell constitutive equation coupled to a kinetic equation that accounts for the 
breaking and reformation of the micelles, was used to reproduce the experimental 
data. The model is capable to predict the main features of the shear stress-shear rate 
flow curve in simple shear as well as the instability region where the shear-induced 
microstructures, responsible for the shear thickening, form. Moreover, the model 
predicts an induction time for the development of shear thickening, in the sense that 
shear thickening is only observed for tube lengths many times its diameter. For short 
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L/D ratios, the model predicts Newtonian behaviour, in agreement with experimental 
results. 
2.13  Summary 
 
It has been found in the literature that there are very few suspensions for which 
viscosity increases with increase in shear rate. Some suspensions show shear thinning 
behaviour at low shear rates but show shear thickening behaviour at high shear rates. 
Different explanations have been given for the phenomenon of shear thickening in 
monodisperse dispersions but it is now almost generally accepted that an order-
disorder transition is responsible for rise in the viscosity. Although a fluid that shows 
purely shear thickening behaviour is extremely rare, the rheological models such as 
Power low model or Cross model presented for shear thinning fluids can be used to 
describe the behaviour of the fluid, except that the pre-exponential parameter n must 
be greater than one. In more practical situations shear thickening behaviour may be 
observed over a particular range of shear rate values and in these cases several 
different rheological models may be needed to describe the fluids behaviour over a 
wide range of shear rates. 
It was also found that for suspensions of particles less than 1 µm (colloidal particles), 
Brownian motion promotes the formation of collision pairs and is responsible for the 
non-Newtonian behaviour of such suspensions. This is negligible for larger particles. 
Inter-acting systems may be considered as systems where the interparticle forces 
strongly affect the rheological properties. This is usually in the sub micron (colloidal) 
region. At high shear rates, large particle sizes, and low concentrations, the colloidal 
forces should be minimal and the viscosity is governed mostly by the hydrodynamics 
(viscous forces) of the system. It is expected that the greatest effect of particle size 
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must occur with submicron particles, because the interparticle and Brownian forces 
will then be of comparable magnitude to hydrodynamic forces. 
 
Different parameters like phase volume, particle size, particle size distribution, 
particle shape, particle-particle interaction and continuous phase viscosity can be 
responsible for the onset of shear thickening.  
 
Any rheometer or viscometer geometry can show slip effects under the appropriate 
circumstances, but those with smooth walls and high shear-rate gradients are most 
vulnerable. Slip effects in viscometers or rheometers can usually be overcome if they 
are confined to very thin layers, and no gross changes occur in the bulk of the fluid.  
 
 
 
 
 
 
` 
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3 CHAPTER 3: EXPERIMENTAL INVESTIGATIONS 
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This chapter aims to describe and discuss the various materials, experimental 
equipment and procedures that were used throughout the study. This includes the 
details of sample preparation, principles of rheological measurements used in the 
course of experimental work and data analysis. 
 
The general steps taken during the experimental stage of the project are as outlined 
below: 
• Raw material acquisition 
• Preparation of fluid analogues (samples) 
• Rheological characterization of the samples prepared 
• Data analysis 
 
3.1 Materials 
The materials that were used to make shear thickening suspensions were 
Carboxymethylcellulose (CMC), glass spheres and silicone oil. 
3.1.1 Carboxymethylcellulose (CMC) 
 
 
 
  R= H or CH2COONa 
 
Figure 3.1: Structural unit of CMC. (Source: www.unique-
chemicals.com/images/formula.jpg) 
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Figure 3.2: Polymer chain of CMC (Source: www.lsbu.ac.uk/water/hycmc.html) 
 
Carboxymethylcellulose (CMC) is a derivative of cellulose formed by its reaction 
with alkali and chloroacetic acid. The CMC structure (as shown in Figure 3.1 and 
Figure 3.2) is based on the b-(1®4)-D-glucopyranose polymer of cellulose. Different 
preparations may have different degrees of substitution, but it is generally in the range 
0.6 – 0.95 derivatives per monomer unit. 
 
3.1.1.1 Physical and chemical properties of CMC 
 
CMC is a cellulose derivative obtained by chemically modifying the natural cellulose. 
It is one of the most important water soluble polymers with many advantages that 
other natural or synthetic glues do not have. CMC is a white or thin yellow and 
flowing fine powder. It is tasteless, odourless, mould-proof, non-toxic, non-flammable 
and easily dissolved in water to become transparent viscous solution. 
 
CMC solution itself is a shear thinning material but it has good properties of 
thickening, adhering, emulsifying, stabilizing, membrane forming, moisture holding, 
shape holding, dispersing and anti-enzyme. The solution of CMC can be mixed with 
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dissolvable animal glues, glycerin, sorbitol, gum arabic, pectin, xanthic gum and 
dissolvable starch. 
 
3.2 Glass spheres 
 
Glass spheres used for the experiments in this project were supplied from Potters 
Industries Pty. Ltd. Different ranges of glass spheres like 45 to 90 μm, 53 to 125 μm, 
90 to 125 µm and 170 to 325 μm were used for the experiments. Different solutions 
have been tried using different sizes of glass spheres to develop a suitable fluid 
analogue for gold mine tailings (shear thickening slurry at high concentrations) from 
Sunrise dam (Western Australia).  Different suspensions made using glass spheres 
during this research work are listed below. 
• Glass spheres (170 – 325 μm) in CMC with 0.5 wt % concentration of CMC. 
• Glass spheres (170 – 325 μm) in CMC with 1.0 wt % concentration of CMC. 
• Glass spheres (67 μm) in CMC with 0.5 wt % concentration of CMC. 
• Glass spheres (67 μm) in CMC with 1wt % concentration of CMC. 
• Glass spheres (45 – 90 μm) in CMC with 1.8 wt % concentration of CMC. 
• Glass (45 - 90 μm) in CMC with 2.0 % concentration. 
• Glass spheres (170 – 325 μm) in silicone oil (200 cS). 
• Glass spheres (170 – 325 μm) in silicone oil (100 cS). 
 
3.2.1 Properties of glass spheres 
 
The typical properties of the glass spheres used in the experiments are listed in the 
Table 3.1 below. 
60  
Table 3.1: Typical properties of glass spheres used in the experiments 
 
Typical Properties 
Shape spherical 
Colour clear 
Density 2640 kg/m3 
 
 
3.3 Experimental techniques 
3.3.1 Rheological measurements 
 
Rheometry quantifies the flow pattern of non-Newtonian liquids by measuring their 
material functions that depend on shear rate, frequency, time and so on. Steady shear 
flow tests were used to measure the viscometric functions. The correct determination 
of rheological properties of different fluids including suspensions and slurries is 
important to many research and industrial applications. To achieve this, the choice of 
the correct instrument for the application is essential, as many different methods and 
instruments exist for determining the rheological properties of fluids. Whatever the 
design of the instrument two essential components are required to correctly measure 
the rheological flow properties of a non-elastic fluid; these are an ability to apply a 
measured stress to the fluid and to measure the fluid's response to the applied stress. 
Most common laboratory type instruments can be separated into two broad categories; 
rotational, which is used in this project, and tube type. 
 
3.3.1.1 CSL 500 Rheometer 
 
This is a parallel plate type of rheometer and consists of two parallel plates of which 
one plate is stationary and the other is moving. The fluid whose viscosity is to be 
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measured is placed in the gap between the two parallel plates of rheometer. The CSL 
500 is a controlled stress rheometer. Different sizes of plates are available to suit 
different types of fluids. In this project all the experiments have been performed using 
a 40 mm diameter plate with a few different gap sizes. Figure 3.3 shows the set up of 
the CSL 500 rheometer. A CSL 500 rheometer was used to start the set of 
experiments with fluid analogue but there was a limitation for range of torque 
generated by the electromagnet (1 µNm to 10 mNm). So,a SR 200 rheometer was 
used for the rest of the experiments during the project which has a higher range for 
torque (1 µNm to 20 mNm). 
 
 
Figure 3.3: CSL 500 rheometer connected with water bath to control the temperature. 
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3.3.1.2 SR 200 Rheometer 
 
This is also a parallel plate rheometer (Figure 3.4 and Figure 3.5) like CSL 500 and is 
also a controlled stress rheometer. This is also called a dynamic stress rheometer. In 
this instrument the shear stress is related with torque generated by an electromagnet, 
whereas the shear rate is related with the angular viscosity measured by an optical 
encoder.  
 
All the test readings during this project were taken by increasing the shear rates in 
steps and sometimes followed by decreasing them again to check the reproducibility. 
Complications arose with most of the solutions, where the shear rate readings differed 
at the same shear stress applied, and the up and down curves did not coincide. 
Because of this variation in the torque readings a slightly modified version of the tests 
were used with the all the solutions to be tested as follows: 
 
• Suspensions were placed in the rheometer and the appropriate speeds selected 
and the drive motor started. 
• Readings were taken when the equilibrium reading was obtained. 
• The suspensions are then removed and remixed gently. 
 
All the steps described above were then repeated until sufficient points were obtained 
to describe the rheogram. 
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Figure 3.4: SR 200 rheometer 
 
 
 
Figure 3.5: SR 200 rheometer. 
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3.4 Sizing of particles 
A very significant amount of time, effort and care went into the proper size 
fractionation of all samples, since this was crucial to the experiments. 
 
Sizing of particles was carried out using a set of test sieves. The range limits of 
particle sizes used were 45-90, 53-125, 90-150 and 200-300 µms. A hand sieving 
technique was used to find the particle size for the experiments. How well a material 
is sized depends on how much time it is shaken and the amount of material placed on 
sieve. Different materials and different particle sizes require different sieving times to 
achieve the same degree of separation. It is difficult to quantify the amount of 
material and the amount of time required to adequately size it using a hand sieving. 
 
The problem of sieving out fine glass particles was solved by using a brush to 
manually brush the material through each sieve. Sieving was assumed to be complete 
when little if any material passed through the sieve when brushed any further. 
 
3.5 Particle size distribution 
Particle size distribution analysis was carried out in a Sizer (shown in Figure 3.6) 
(Malvern Sizer, model: MastersizerX v1.1, Malvern Instruments, UK). A small 
amount of sample (~1g) was dispersed in clean water containing dissolved 0.5 g of 
sodium tetra-pyrophosphate as a dispersant. The sample was stirred and pumped 
through a cell with a laser light scattering detector, which was used to determine 
various size fractions depending upon the scattering of the laser light. The 
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calculations for the particle size distribution were based on the volume mean diameter 
of the particles. 
 
 
 
 
Figure 3.6: Malvern Sizer, model: mastersizerX v1.1 
 
 
 
3.6 Experiments in the pipe loop 
 
The pipe loop used in the experiments throughout the project is a pilot scale pipe loop 
system installed at the RMIT University laboratory (shown in Figures 3.7-3.10). All 
the experiments were carried out at ambient temperature but due to high flow rate to 
pump the slurry through, temperatures increased with increasing flow rate. This 
temperature was measured by a thermometer and then all the data was corrected to 
one reference temperature by correcting measured viscosity values to a viscosity at a 
reference temperature of 20º C. Later, in the experiments with real slurry (tailings 
from Sunrise dam) and fluid analogue (67 µm glass spheres in 1.8% CMC), a water 
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jacket was used to control the temperature as much as possible. This water jacket was 
used to minimize the temperature variation and worked reasonably well to reduce the 
temperature by 10º C. 
 
  
Figure 3.7 mixing tank, positive displacement pump and flow meter for pipe loop test 
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Figure 3.8: Valves in the pipe loop system 
 
 
 
 
 
Figure 3.9: Both 12.5 mm and 25 mm pipes used for the test 
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Figure 3.10: computer connected to pipe loop to measure flow rate and pressure drop across the 
pipes during the test 
 
 
The pipe loop used, consisted of two measuring sections for pressure drop, each with 
a length of 5 meters. First measuring section of the pipe loop was of 25 mm diameter 
and the other one was of 12.5 mm diameter as shown in Figure 3.9. Pressure drop and 
flow rate signals were taken from the DP cell and magnetic flow meter respectively 
and sent to data collector to convert those signals in to the numbers. These numbers 
were recorded in to the computer connected with the pipe loop system (shown in 
Figure 3.10). The mixture was prepared in a 20 litre bucket and transferred in to the 
mixing tank connected to the pipe loop (Figure 3.7). As the slurry was very 
concentrated, pump speed was kept at highest level and flow was controlled by the 
valve mounted pipe loop. Only part of the mixture was going through the pipe for 
lower flow rate and most of the mixture was re-circulated to keep the mixture 
homogeneous. Samples were taken at different flow rates and their rheology was 
checked using the SR 200 rheometer at respective temperatures. Both inlet and outlet 
Computer system 
connected to pipe loop 
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concentrations were measured to check whether any settling was occurring inside the 
pipe loop. It was found that outlet concentration was less than the inlet concentration 
but there was no change in the outlet concentration with change of flow rates. It was 
therefore assumed to have either a stationary or a moving bed of particles at the 
bottom of both pipes. The outlet concentration, as measured was used for slurry as 
well as fluid analogue for calculation of pressure drop in the pipe loop. 
 
The mixture for the experiments in the pipe loop was made by putting the glass 
spheres/tailings particles in a measured amount of CMC/dense water. As the 
concentrations used in the experiment were very high, hand mixing or electrical stirrer 
was not able to mix it thoroughly and therefore an electrical drill (high speed); with a 
shaft mounted on it was used to mix the particles with a fluid. 
 
 
 
3.7  Sources of Error in Experiments 
 
There are many possible sources of error when conducting rheological measurements 
of suspensions. It is necessary to discuss these before any conclusions are drawn from 
experimental data, as these can influence the reproducibility of experimental data. 
 
As mentioned earlier, the rheological properties of any suspension are dependent on 
factors such as concentration, particle size, temperature, time dependency, shapes of 
particles, particle size distribution, slip effects, geometry of the measuring system, 
settling, etc. Any inaccuracy in the control of these factors will give rise to erroneous 
results. It is difficult to obtain reproducible data when working with particulate 
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suspensions. This may be attributed to variations/inaccuracies in concentration, 
particle size, particle size distribution, temperature, etc. Experimental results by 
numerous researchers show wide scatter and anomalies, especially as the 
concentrations approach the maximum packing fraction. Three reasons are given for 
this: 
 
• Difficulty of reproducing the test sample solids concentration, due to non-
uniformity in the bulk suspension, or the development of wall layers which 
may be of the order of the particle diameter. Furthermore, when high 
concentrations are disturbed shear planes may form and particles may cluster. 
• Difficulty in reproducing the particle size distribution in the test sample, 
because of the small volume of the sample or the small number of particles in 
the gap in contact with the measuring surface. 
• Irreproducibility of particle packing structure (spatial and temporal 
distribution of the particles within the rheometer), which means a variable 
solids concentration or variable structural state or both, within the rheometer 
(e.g. Wall effects). The structure varies with the dimensions of the rheometer, 
the geometry and type of the flow, and changes with time. Structure is 
changed by cluster formation and particle migration. 
 
3.7.1  Errors in concentration in rheometer 
 
It is recognized that concentration of a solid suspension is an important determinant of 
suspension viscosity. Suspension viscosity is highly sensitive to the concentration, 
particularly at high concentrations. From some of the models developed for 
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suspensions in the literature, it is seen that at high concentrations slight changes in 
concentration can result in large differences in relative viscosity. It is therefore critical 
that the concentration of the solid phase be precisely controlled. 
 
Possible sources of errors in the concentration of tested samples are: 
 
• Concentration changes as a result of evaporation, loss of material through 
adhesion to container surfaces or mixers while transferring or mixing the 
suspensions. These losses result in concentration changes because there is a 
preferential loss of either the liquid or solid phase. Such errors were 
eliminated by only considering data points from the fresh samples. 
• Testing a non-representative sample of the prepared suspension. Prior to 
testing, the suspensions were stored in sample containers. Non-uniform 
concentration of particles throughout the sample container may result in the 
testing of a sample not representative of the overall suspension concentration, 
especially when the amount of sample required for the rheological test is very 
small in comparison with the sample container. Errors of this nature were 
eliminated by carefully stirring the sample prior to extracting a sample for 
testing. 
• Errors in measurement during preparation of the suspensions. Preparation of 
samples was carried out by weighing the appropriate amount of sample to give 
required concentrations. A similar error was involved in weighing of CMC 
and glass spheres as well. In conversion to volume units, the specific gravity 
will further multiply the error, thus total errors in concentration due to this will 
be maximum of around 1 %. 
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3.7.2 Errors caused by incorrect temperatures 
 
Temperature is a very important factor when determining the rheological properties of 
suspensions and fluids. A variation of 1 ºC can result in very significant deviations. 
To limit this effect, in all the experiments performed here temperature was kept under 
strict control to 20 ºC ± 0.5 ºC by attached water bath. Measurements were not taken 
until the temperature of the material at parallel plates (which is distinct from the water 
bath temperature) was within the range of desired temperature. So, errors due to 
temperature are assumed to be insignificant. However, temperature rise were very 
significant in the pipe loop experiments and the variation in temperature was 
controlled by connecting a water jacket to the slurry tank. Still there was a variation in 
temperature from 20 ºC to 28 ºC so temperature was corrected to a reference 
temperature of 20 ºC (temperature which was used for the experiments in the 
rheometer).  
 
3.7.3 Errors due to slip effects 
 
Slip is of importance in Couette and parallel plate rheometers. It essentially is a 
variation of concentration close to the walls of the vessel. This occurs when a layer of 
the carrier fluid separates from the rest of the suspension and adheres to the walls of 
the rheometer. The resulting shear stress observed is then not representative of the 
true suspension. 
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Slip occurs because a thin layer of dispersing phase forms at the wall. The velocity in 
this layer is much lower than that of the mainstream; therefore the velocity gradient at 
the wall is increased significantly. This effect is more important for smaller 
dimensions of the rheometer. Corrections for this effect have been made by 
Yoshimura and Prud’homme (1988) for which two different flow curves (and 
therefore two different gaps between two parallel plates of rheometer) were used.  
 
3.7.4  Errors in measurements in rheometer 
 
All the experiments in both rheometers were performed with a stepwise increase in 
applied stress and all readings were taken when the torque readings reached an 
equilibrium value. Where there was a decrease in the torque reading followed by 
increasing reading with time, the minimum value was taken to be the equilibrium 
value. 
 
3.7.5 Errors in measurements in the pipe loop 
 
All the experiments in the pipe loop were performed at room temperature but due to 
higher pump speed and lower flow rates, the temperature kept on increasing with 
increasing flow rate. This increased temperature was measured during each flow rate 
and then all measured viscosity values at different flow rates were corrected to a 
viscosity at a reference temperature of 20 ºC. Moreover, to minimize the variation in 
temperature, a water jacket was used in the later experiments so that the error was 
reduced by a big margin. 
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In addition, flow rate was measured by a magnetic flow meter connected with the pipe 
loop. Flow meter gave good readings but it fluctuated a little bit. To eliminate this 
effect a mean value was taken from set of 40 to 50 readings at the same flow rate. The 
same procedure was applied with pressure readings as well.  
3.7.6 Errors in concentration in the pipe loop 
 
All the possible sources of error discussed in section 3.7.1 are also applied here. 
Moreover, in the pipe loop, the slurry is pumped at high speed to keep the mixture 
homogeneous but still there may be some settling occurring in the mixing tank. As a 
result of that there may not be the actual concentration, which was prepared for the 
experiment, going through the pipe loop. Also, there were signs that settling occurred 
in the pipes because the outlet concentration was found to be less that the inlet 
concentration. 
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4 CHAPTER 4: RESULTS AND DISCUSSION 
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4.1 Results 
 
This chapter aims to present the work done on the rheology of coarse particle 
mineral suspensions. Efforts have been made to develop a fluid analogue for a 
shear thickening mineral slurry. The shear thickening slurry used in the 
experiments during this project was peak tailings from a gold mine (Sunrise dam) 
located in Western Australia (WA). It was decided in the beginning of the project 
to develop a fluid analogue which can behave more or less similar, if not exactly, 
to the actual tailings from gold mines or copper and gold mines. It was decided to 
develop fluid analogue having similar rheological behaviour to thickened slurry 
because long pipe lines are used to dispose slurries from mine industries. Fluid 
analogue can give almost accurate estimate of flow behaviour of slurry in the 
pipe loop which can avoid expensive onsite study leading to cost minimisation 
for industries. If there is any modification required then it can be done with fluid 
analogue and if the fluid analogue works well in the pipe loop then original 
slurry can be modified accordingly for transportation.  
 
 
As mentioned earlier tailings used for the entire project was tailings from the 
Sunrise dam gold mine located in Western Australia (WA). As these tailings 
show shear thickening behaviour under certain conditions, the first criterion to 
choose fluid analogue was to check whether it shows shear thickening behaviour 
at any stage or not. If this condition was satisfied then the next question was 
whether the shear thickening occurred in the same range of shear rates as it 
occurred with the actual tailings. All the analogues were required to fulfil these 
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two basic conditions. Different fluid analogues have been tried under constant 
stress rheometers to match with rheological behaviour of a shear thickening 
mineral slurry. Fluid analogues were prepared with different concentration of 
glass beads, different particle sizes, different suspending mediums and different 
continuous phase viscosity. Effects of concentration, continuous phase viscosity 
and suspending medium on the Rheological behaviour of the fluid analogue and 
mineral slurry have been checked and are discussed here. Then the appropriate 
fluid analogue and tailings were tested in the pilot scale pipe loop located in the 
laboratory of the Rheology and Materials Processing Centre (RMPC) of RMIT 
University. Comparison has been made between rheometer data and pipe loop 
data for both fluid analogue and shear thickening mineral slurry. Also, the 
behaviour of fluid analogue and tailings in a pipe loop were compared to check 
whether they give similar behaviour in a pipe loop. 
 
4.1.1 Development of fluid analogue 
 
 
In literature, loads of fluid analogue have been tested in the last few years for shear 
thickening mineral suspensions but these used a Newtonian fluid as a suspending 
medium while in this project carboxymethyl cellulose (CMC), a shear thinning fluid, 
was used as the suspending medium with glass spheres as particles. Experimentation 
was started with silicone oil, which is a Newtonian fluid, as a suspending medium and 
glass particles. This analogue was tested at three different glass particle 
concentrations and three different gap sizes on a parallel plate system to check 
whether it showed any shear thickening behaviour at any stage. Densities for fluid 
analogues and slurry were measured and all wt % were converted into vol %. Figure 
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4.1 describes the shear stress- shear rate behaviour of a 45 vol % 300 µm glass 
spheres in 100 cS silicone oil obtained from the parallel plate rheometer (CSL 500) 
with a gap size of 2 mm. All the measurements were made at a temperature of 20 °C ± 
0.5 °C. It is clearly seen in Figure 4.1 that only shear thinning behaviour is observed 
and there is no sign of shear thickening behaviour at any stage.  
 
Figure 4.2 shows the shear stress-shear rate behaviour of a 45 vol % 300 µm glass 
spheres in 200 cS silicone oil tested at 2 mm gap size on a parallel plate system. As 
mentioned earlier, temperature was kept at 20 °C during the experiment. Similar 
behaviour to Figure 4.1 is observed in Figure 4.2 as well, and there was no sign of 
shear thickening over the entire shear rate range.  
 
 
Figure 4.1: 45 vol % glass spheres (300 µm) in 100 cS silicone oil at 2 mm gap size of the parallel 
plate system. 
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Figure 4.2: 45 vol % glass spheres (300 µm) in 200 cS silicone oil at 2 mm gap size of the parallel 
plate system. 
 
 
Figure 4.3: 47 vol % glass spheres (300 µm) in 100 cS silicone oil at 1.5 mm and 2 mm gap size of 
the parallel plate system. 
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It was then decided to use higher concentration of glass spheres in 100 cS silicone oil 
to check whether it shows any shear thickening at any stage or not. So, 47 vol % 
dispersion of glass spheres of 300 µm size in 100 cS silicone oil was tested using a 
constant stress parallel plate rheometer (CSL 500).  Figure 4.3 describes the shear 
stress-shear rate relationship for the same material mentioned in this paragraph at 1.5 
mm and 2 mm gap sizes. Similar behaviour to that of Figure 4.1 and Figure 4.2 was 
again obtained here with only shear thinning behaviour for the entire range of shear 
rates. So, the idea of using silicone oil as a suspending medium for the development 
of fluid analogue for shear thickening mineral suspension was dropped. 
 
4.1.1.1 Suspension of glass spheres in CMC 
 
It was then decided to develop a fluid analogue for shear thickening mineral 
suspensions with the use of a shear thinning suspending medium which has not been 
done frequently in the past. So, the next set of experimentation started with different 
concentrations of CMC, which is a shear thinning fluid, with different sizes of glass 
spheres. Also, almost all the suspensions of glass spheres in CMC prepared were 
tested at three different gap sizes of the parallel plate rheometer.  
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Figure 4.4: 40 vol % glass spheres (300 µm) in 1 wt % CMC at 1.5 mm gap size of the parallel 
plate system. 
 
Figure 4.4 shows the shear stress-shear rate relationship for 40 vol % glass spheres of 
300 µm size in 1 wt% CMC solution at 1.5 mm gap size of the parallel plate system at 
20 °C. It is clearly seen from the Figure that there was a problem with repeatability of 
the data so it was difficult to interpret the result. The main reason for poor 
repeatability can be an order-disorder transition which is responsible for shear 
thickening behaviour. Particles within different samples may not rearrange in the 
same way under constant shear resulting in scattered data. Settling can be one of the 
reasons for poor repeatability. Also, there was a small degree of shear thickening 
observed in certain shear rate range but it was difficult to get experimental data in the 
lower shear rate region. It was believed that this situation occurred due to the larger 
particles which might cause settling within the gap of the two parallel plates of the 
rheometer.   
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Figure 4.5: 45 vol % glass spheres (300 µm) in 1 wt % CMC at 1.5 mm gap size of the parallel 
plate system. 
 
Figure 4.5 shows the shear stress-shear rate relationship for 45 vol % glass spheres of 
300 µm size in 1 wt% CMC solution at 1.5 mm gap size of the parallel plate system at 
20 °C. It is clearly seen from Figure 4.5 that some degree of shear thickening was 
obtained with 45 vol % glass which is higher concentration than it was used for 
previous experiment. Here also it was found that the repeatability was poor and there 
was no experimental data in lower shear rate range. 
 
Figures 4.6 and 4.7 show the shear stress-shear rate relationship for 46 vol % and 47 
vol % glass spheres of 300 µm size at 1.5 mm gap size of the parallel plate system at 
20 °C respectively. Both figures show similar rheological behaviour as was shown for 
40 vol % and 45 vol % glass spheres but some data points were obtained in the lower 
shear rate region for 46 vol % glass spheres. Although there was some experimental 
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data in lower shear rate range, the repeatability was not very good. Since the particle 
size of 300 µm seemed high for the 1.5 mm gap size in the rheometer, it was decided 
to use smaller glass particles and repeat the experiments with the same conditions 
used for larger glass particles. The mean particle size used in the following 
experiment was 67 µm. 
 
 
 
Figure 4.6: 46 vol % glass spheres (300 µm) in 1 wt % CMC at 1.5 mm gap size of the parallel 
plate system. 
 
46 vol % glass in 1 wt % CMC with 1.5 mm gap size
0.1 
1 
10 
100 
0.1 1 10 100 1000 
Shear rate (s-1)  
Sh
ea
r s
tr
es
s 
(P
a)
run 1
run 2
84  
 
Figure 4.7: 47 vol % glass spheres (300 µm) in 1 wt % CMC at 1.5 mm gap size of the parallel 
plate system. 
 
The next sets of experiments were conducted with a suspension using 67 µm glass 
spheres with different concentrations in a particular carrier fluid. All the experiments 
were done for three different gap sizes of the parallel plate system.  There are several 
parameters which affect the shear thickening behaviour of a suspension. In this 
project the effect of concentration, gap size and continuous phase viscosity were 
observed constantly which will be discussed in sections 4.1.3 – 4.1.5. 
 
4.1.2 Particle size distribution for glass spheres and slurry 
 
Figure 4.8 shows the particle size distribution for glass spheres used in these 
experiments for the development of the fluid analogue to a shear thickening mineral 
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slurry. It is clearly seen from the figure that the distribution is very narrow and most 
of the particles are in the range of 60-70 µm with the mean value of 67 µm. 
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Figure 4.8: Particle size distribution for glass sphere used for the development of fluid analogue. 
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Figure 4.9: Particle size distribution for Sunrise dam slurry used in experiments. 
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Figure 4.9 shows the particle size distribution for Sunrise dam slurry used in the 
experiments in this study. It is clearly seen from the figure that very wide multimodal 
distribution is obtained for the Sunrise dam slurry with the mean value of 35 µm 
particle size. 
4.1.3 Effect of gap size on shear thickening behaviour 
 
 
The effect of gap size on shear thickening was observed with three different 
concentrations of glass spheres in 1 wt% CMC, 1.8 wt% CMC and 2 wt% CMC. 
Figure 4.10 shows the shear stress-shear rate relationship for 46 vol % glass spheres 
of 67 µm in 1 wt % CMC at three different gap sizes. It can be clearly seen from the 
Figure 4.10 that the data in lower shear rate region and higher shear rate region were 
close to each other but data points are scattered in the intermediate shear rate region 
for three different gap sizes. The main reason for this type of scattering can be 
rearrangement of particles between the two parallel plates of the rheometer, which can 
be different under different conditions.  This is the region where shear thickening 
effect was clearly visible for all the gap sizes. 
 
Figure 4.11 and Figure 4.12 describe the shear stress-shear rate relationship for 47 vol 
% and 48 vol % glass spheres of 67 µm in 1 wt % CMC at three different gap sizes of 
the parallel plate system respectively. Similar behaviour to Figure 4.10 was observed 
in Figure 4.11 and Figure 4.12. Still there was a problem to get a clear overlap of data 
in the low shear rate region at different gap sizes with 1 wt% CMC as continuous 
phase.  
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Figure 4.10:Effect of gap size on shear thickening on 46 vol % concentration glass spheres (67  
µm) in 1% CMC. 
 
 
Figure 4.11: Effect of gap size on shear thickening on 47 vol % concentration glass spheres (67 
µm) in 1% CMC. 
 
 
 
Effect of gap size on shear thickening on 46 vol % concentration glass beads in 
1%CMC
0.1 
1 
10 
100 
1000 
1 10 100 1000 
Shear rate (s-1)  
Sh
ea
r s
tr
es
s 
(P
a)
 
46 (2.0 mm) 
46 (1.0 mm) 
46 (1.5 mm) 
Effect of gap size on shear thickening on 47 vol% concentration glass beads in 1% 
CMC
0.1 
1 
10 
100 
1000 
1 10 100 1000 
Shear rate (s-1)   
Sh
ea
r s
tr
es
s 
(P
a)
47 (1.5 mm) 
47 (2.0 mm) 
47 (1.0 mm) 
88  
 
 
Figure 4.12: Effect of gap size on shear thickening on 48 vol % concentration glass spheres (67 
µm) in 1% CMC. 
 
A further test using 2 wt % CMC as a carrier fluid for the development of fluid 
analogue for a shear thickening slurry was done. Figures 4.13 and 4.14 show the shear 
stress-shear rate relationship respectively for 47 vol % and 48 vol % glass spheres of  
67 µm in 2 wt % CMC at three different gap sizes of the parallel plate system 
respectively. It is seen from both the Figures that some shear thickening behaviour at 
intermediate shear rate is obtained even with the higher concentration of CMC as a 
carrier fluid. Here also there was a problem to get a clear overlap of data points 
particularly in the shear thickening region. In order to explore the effect of the 
concentration of the suspending medium it was decided to use an intermediate 
concentration of CMC to check whether it gives an overlap of data in the low to 
intermediate shear rate region. 
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Figure 4.15 shows a shear stress-shear rate relationship for 48 vol % glass spheres of 
67 µm in 1.8 wt % CMC at three different gap sizes. It is clearly seen from Figure 
4.15 that there was a clear overlap of data points in both the lower shear rate and 
higher shear rate region. So, it was decided to use 1.8 wt % CMC as a carrier fluid for 
the development of fluid analogue. Also, a method described by Chhabra and 
Richardson (1999), was used to show the shear thickening region in Figure 4.17. In 
this method slopes on the different sections of the data were added to find out where 
the slope is greater or less than 1. 
 
 
Figure 4.13: Effect of gap size on shear thickening on 47 vol % concentration glass spheres (67 
µm) in 2 % CMC. 
 
Effect of gap size on shear thickening on 47 vol % concentration glass beads in 2 % 
CMC
0.1
1 
10 
100 
1000 
0.001 0.01 0.1 1 10 100 
Shear rate (s-1)
 S
he
ar
 s
tr
es
s 
(P
a)
 
47 (2.0 mm)
47 (1.5 mm)
47 (1.0 mm)
90  
 
Figure 4.14: Effect of gap size on shear thickening on 48 vol % concentration glass spheres (67 
µm) in 2 % CMC. 
 
 
 
 
Figure 4.15: Effect of gap size on shear thickening on 48 vol % concentration glass spheres (67 
µm) in 1% CMC. 
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Figure 4.16: Effect of gap size on shear thickening on 42 vol % concentration of tailings from 
Sunrise dam. 
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Figure 4.17: Region of shear thickening by Chhabra and Richardson method for 48 vol % 
concentration glass spheres (67 µm) in 1% CMC. 
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Considering all data presented in Figures 4.10 to 4.16 it was concluded that 1.5 mm is 
the most suitable gap size for fluid analogue and tailings to be tested in the 
rheometers. The main reason for the choice of 1.5 mm gap size was the optimum 
quantity of sample needed to test in the parallel plate rheometer, which prevented 
frequent jamming or settling. Due to the higher concentrations of material used, there 
was a problem of jamming at the 1.0 mm gap size while settling occurred at the 2.0 
mm gap size due to the use of higher quantity of sample material used for each test.  
 
4.1.4 Effect of particle concentration on shear thickening 
behaviour: 
 
 
Particle concentration is one of the main factors which affects shear thickening 
behaviour. Even a small change in concentration of glass spheres in a concentrated 
suspension can affect the shear thickening behaviour to a large extent. Fluid analogue 
was prepared with few different concentrations of glass spheres to observe the 
maximum shear thickening behaviour because as it was seen in the previous Figures 
(Figures 4.10 to 4.16) shear thickening is only observed in certain shear rate range. 
All three concentrations (46 vol%, 47 vol% and 48 vol% of glass spheres in 1.8 wt % 
CMC) were tested at 1.5 mm gap size to match the rheological properties with that of 
the original slurry which was the tailings (42 vol %) from the Sunrise dam in Western 
Australia. Figure 4.18 shows a shear stress-shear rate relationship for 67 µm glass 
spheres at 1.5 mm gap size of the parallel plate system for three different 
concentrations. It was observed that shear thickening increased with increase in 
concentration of glass spheres and it can be clearly seen from Figure 4.18 that 48 
vol% glass spheres in 1.0 wt % CMC gives maximum shear thickening. So, it was 
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decided to use 48 vol% concentration of glass spheres to develop a fluid analogue for 
Sunrise dam slurry.  
 
Figure 4.18: Effect of concentration on shear thickening at 1.5 mm gap size with 1% CMC. 
 
Also It was decided to use 42 vol % Sunrise dam slurry for comparison because that 
was the only concentration where some shear thickening behaviour was observed for 
the slurry. Also slurry became like a paste due to high concentration and problem of 
drying occurred at concentration higher than 42 vol %. It was therefore decided to use 
42 vol % slurry for all experiments involving the rheometer and pipe loop system.  
 
4.1.5 Effect of continuous phase viscosity on shear thickening 
behaviour: 
 
Continuous phase viscosity is one of the main factors which affects shear thickening 
behaviour very closely. It has been noted in this project that even a small change in 
concentration of CMC can affect the shear thickening behaviour to a large extent. 
Fluid analogues were prepared with different concentrations of CMC to match with 
the original slurry which was the tailings from Sunrise dam in Western Australia. 
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Rheological data of all three concentrations (1.0 wt % CMC, 1.8 wt % CMC and 2.0 
wt % CMC with 48 vol % glass spheres) were compared with those of the Sunrise 
dam slurry data. Figure 4.19 describes the shear thinning behaviour of pure CMC at 
three different concentrations (1 wt %, 1.8 wt % and 2 wt %) at 1.5 mm gap size of 
the parallel plate rheometer. It is clearly seen from the Figure 4.19 that viscosity of 
the solution increases with increase in concentration of CMC. However, a reverse 
effect was observed on the shear thickening behaviour of a fluid analogue when glass 
beads were added to the solution. It means that when 48 vol % of glass beads were 
added to the three different concentrations of CMC, shear thickening effect was 
reduced with an increase in concentration of CMC which is clearly seen in Figure 
4.20. Figure 4.20 shows the comparison between the flow behaviour of Sunrise dam 
slurry and fluid analogues with different concentrations of CMC at 1.5 mm gap size 
of the parallel plate system. It can be clearly seen from Figure 4.20 that 1.0 wt % 
CMC with 48 vol % glass spheres gives the highest degree of shear thickening but 
that the slurry data matches more closely with 1.8 wt% CMC with 48 vol % glass 
spheres than the other two analogues. So, it was decided to use 1.8 wt% CMC as a 
continuous phase for the development of fluid analogue for the Sunrise dam slurry. As 
was already mentioned 48 vol% concentration of glass spheres was chosen for 
development of the fluid analogue.  
 
After all these experiments it was finally decided to use 48 vol % glass spheres of 67 
µm in 1.8 wt % CMC as a fluid analogue to a shear thickening mineral slurry brought 
from Sunrise dam. The results presented in this section highlight the difficulty of 
developing a fluid analogue for a shear thickening suspension. This is particularly true 
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since shear thickening occurs only at higher solid concentrations where the difficulty 
of rheological measurements becomes paramount particularly because of wall slip. 
 
 
 
Figure 4.19: Effect of concentration on shear thinning behaviour of CMC at 1.5 mm gap size 
 
Figure 4.20: Comparison of behaviour of analogue at different concentrations of CMC with 
Sunrise dam slurry (42 vol %) behaviour at 1.5 mm gap size. 
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For the true development of a fluid analogue all data were corrected for wall slip by 
the Yoshimura-Prud’homme method (see § 2.10  Wall slip). In Figure 4.21, the 
corrected data for wall slip for 48 vol% concentration of glass spheres in 1.8 wt% 
CMC is presented because as mentioned earlier, it was decided to use this suspension 
as a fluid analogue to shear thickening slurry.  
 
It can be concluded in this section that the degree of shear thickening decreases with 
increase in concentration of CMC (1 to 2 wt %) i.e., with increase in the continuous 
phase viscosity of the CMC solution. 
 
 
Figure 4.21: Corrected data by Yoshimura-Prud’homme (YPH) method for 48 vol % glass 
spheres (67 µm) in 1.8 % CMC 
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4.1.6 Comparison between the pipe loop data and rheometer data 
for fluid analogue before correction for temperature: 
  
One of the objectives of this study was to examine if the shear thickening behaviour 
could be observed for the transport of concentrated slurries in a pipeline. Before this 
can be achieved a comparison was made between the rheological data obtained from a 
pipe loop system and that from a rotational rheometer for the analogue system as well 
as for the slurry from the Sunrise dam system. Pipe loop data which was in the form 
of 8V/D was converted to rheometer data (du/dr) using the Robinowitsch-Mooney 
equation (equation 2.16). It can be clearly seen from Figure 4.22 that there is some 
difference between the pipe loop data and rheometer data for the fluid analogue at 
lower shear rates while at higher shear rates it matched quite well. There may be few 
different reasons behind this kind of behaviour. 
 
Firstly, the temperature used for all the experiments in the rheometer was around 20º 
C while the temperature in the pipe loop for fluid analogue varied during the period of 
experiment due to continuous pumping and recycling through the pipe loop system. 
So, temperature effect could make some difference.  
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Figure 4.22: Comparison between the pipe loop data and rheometer data for 46 vol% glass in 1.8 
wt % CMC. 
 
Secondly, it was also observed that the shear rate range for the pipe loop was small 
compared to shear rate range for the rheometer. It can be clearly seen that there is no 
data point in the lower shear rate range for the pipe loop whereas  data were obtained 
in that range for the rheometer. It was very difficult to get accurate data points for the 
pipe loop in the lower shear rate range due to the pump speed restriction and difficulty 
in maintaining particles suspended within the pipe throughout the experiment.  
 
As the mixture was heterogeneous for both slurry and fluid analogue so, there was a 
big chance of settling. In addition, the particles used were glass spheres which were of 
high density so they could settle very easily. The results obtained at low shear rates in 
the pipe loop may not have been the homogeneous suspension which was prepared at 
the start of the experiment, but rather was due to a moving bed of particles.  
 
rheometer and pipeloop data together for glass spheres in 1.8 % CMC 
before correction for temperature
0.1
1 
10 
100 
1000 
0.1 1 10 100 1000 
 Shear rate (s-1) 
 S
he
ar
 s
tr
es
s 
(P
a)
 
Pipe loop data
rheometer data
99  
In addition it was also noted that temperature should be controlled more closely and 
the experimental data should be corrected to take into account the variation of 
temperature. Comparison between the pipe loop data and rheometer data for the fluid 
analogue indicated that at higher shear rates both sets of data matched quite well. 
However, it should be mentioned that the pipe loop data at this stage has not been 
corrected for variation in temperature. Further testing in the pipe loop was carried out 
by having a closer temperature control. 
 
4.1.7 Pipe loop data for fluid analogue and Sunrise dam slurry 
after correction: 
 
Here the pipe loop data obtained in 12.5 mm and 25 mm diameter pipes are presented. 
As already mentioned in section 3.7.2 the use of a water jacket around the slurry tank 
gave satisfactory results and the temperature rise was significantly reduced.  During 
all the experiments in the rheometer the temperature was maintained at 200 C by 
means of water bath connected to the rheometer so all the data for the pipe loop was 
then corrected to 200 C. As a result it can be seen from Figure 4.23 and Figure 4.24 
that the D ΔP/4L vs. 8V/D data for 12.5 and 25 mm pipe lines could be expressed by 
a single power law relations for both Sunrise dam slurry and the fluid analogue.  
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Figure 4.23: Pipe loop data Sunrise dam slurry after correction as a curve. 
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Figure 4.24: Pipe loop data for 46 vol% glass in 1.8% CMC after correction as a curve. 
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From Figure 4.23 and 4.24 it can be observed that in the shear rate region of 100 to 
300 s-1 some degree of shear thickening was observed. However, this behaviour in the 
pipe loop was not as prominent as was noted in the rheometer. 
 
4.1.8 Comparison between the pipe loop data and rheometer data 
for fluid analogue and Sunrise dam slurry after correction: 
 
Figures 4.25 and 4.26 show the comparison between the rheometer data and pipe loop 
data for both fluid analogue and Sunrise dam slurry after corrections have been made 
to calibration data and temperature. It is clearly seen from Figure 4.25 that rheometer 
data and pipe loop data matches well in higher shear rate region after corrections. But 
there were not quite similar data obtained for Sunrise dam slurry. As it is clearly seen 
from Figure 4.26 that even after corrections both the curves are separated by a 
considerable margin. 
 
 
Figure 4.25: Comparison between the pipe loop data and rheometer data for 46 vol% glass in 1.8 
wt % CMC after correction. 
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Figure 4.26: Comparison between the pipe loop data and rheometer data for 42 vol % Sunrise 
dam slurry after correction. 
 
 
This possibly indicates that the pipe loop data at low shear rate might have been 
subjected to settling of particles. This aspect may be looked into more details in a 
future work. 
 
4.1.9 Comparison between the flow behaviour of Sunrise dam 
slurry and fluid analogue  
 
In Figure 4.27 pipe loop data for the Sunrise dam slurry and the fluid analogue are 
presented. Figure 4.27 shows the comparison in flow behaviour between fluid 
analogue and Sunrise dam slurry with similar operational conditions such as 
temperature and flow rate. It can be seen from Figure 4.27 that both the curves of 
fluid analogue and Sunrise dam slurry are matching with each other with a very little 
difference. So, it can be concluded that slurry and fluid analogue had similar flow 
behaviour in the pipe loop but only a small degree of shear thickening was observed 
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in the pipe loop for both fluid analogue and slurry used. The flow behaviour data from 
the rheometer for both fluid analogue and slurry is compared in Figure 4.28. The two 
set of data do not match as closely as that for the pipe flow. This is because, the slurry 
particles had higher settling tendency than that for the fluid analogue. However, it is 
interesting to note that shear thickening behaviour was observed for both sets of data. 
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Figure 4.27: Comparison between the behaviour of Sunrise dam slurry (42 vol %) and fluid 
analogue (48 vol % glass spheres in 1.8 wt % CMC) in the pipe loop before correction. 
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Figure 4.28: Sunrise dam tailings (42 vol %) and 48 vol % glass in 1.8 wt % CMC together in the 
SR 200 rheometer. 
 
 
4.1.10 Comparison between the delivered concentrations of 
fluid analogue and Sunrise dam slurry: 
 
As it has been shown in earlier Figures (Figures 4.22 and 4.28) that there was a 
problem in matching the rheometer data and pipe loop data so it was believed that 
delivered concentration of the pipe loop mixture may be one the reasons behind that 
behaviour. But, as it can be seen from Figure 4.29 that delivered concentration for 
both the fluid analogue and Sunrise dam slurry are almost constant throughout the 
experiment. There was a little variation in concentration but that was in an acceptable 
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spheres whenever it is compared with pipe loop data. Similar results were obtained for 
rheometer  data for fluid analogue and slurry together
0.1 
1 
10 
100 
1000 
0.1 1 10 100 
Shear rate (s-1) 
Sh
ea
r s
tr
es
s 
(P
a)
 
slurry at 1.5 mm
fluid analogue at 1.5 mm 
105  
slurry as well so delivered sample was taken from the pipe loop and tested under the 
rheometer for comparison with pipe loop data. 
 
 
Figure 4.29: Delivered concentrations for both fluid analogue and Sunrise dam slurry in pipe 
loop. 
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5 CHAPTER 5: CONCLUSION 
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5.1 Conclusion 
 
The major purpose of the project was to develop a fluid analogue which will have 
similar rheological behaviour to that of the tailings from Sunrise dam so that it can be 
used as a test material to predict the flow behaviour of tailings in a pipe. The other 
objective was to investigate the flow behaviour of the fluid analogue and the Sunrise 
dam slurry through a pipe.  
 
Having understood the factors that determine the viscosity of the suspension, the 
suspension was modified by an appropriate choice of these parameters (eg. particle 
size, concentration of particles, viscosity of carrier fluid etc.) to yield a suspension 
with the desired slurry properties. Also, an effort was made to enable the prediction of 
flow behaviour concentrated slurries in the pipe loop under various laminar flow 
conditions using the fluid analogue to slurry. 
 
From the work done in this project following conclusions can be made. 
 
 
• It is possible to make shear thickening suspension by using shear thinning 
suspending medium but the concentration of the particles must be very high. 
Also the shear thickening behaviour was not observed throughout the entire 
shear rate range but was rather confined in certain shear rate range only. 
• A 1.5 mm gap size is the most suitable gap size for the fluid analogue (48 vol 
% glass spheres in 1.8 wt % CMC) and tailings (Sunrise dam slurry) to be 
tested in parallel plate rheometers. 
• The degree of shear thickening increases with increase in concentration of 
glass spheres in CMC solution. 
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• The degree of shear thickening decreases with increase in concentration of 
CMC (1 to 2 wt %) i.e. with increase in the continuous phase viscosity of the 
CMC solution.  
• A significant amount of wall slip was observed in parallel plate rheometer for 
both fluid analogue and shear thickening slurry which was brought from 
Sunrise dam in WA. In contrast, wall slip was not so significant for the 
experiments done in the pipe loop system for both the suspensions. 
• The slurry and fluid analogue had similar flow behaviour in the pipe loop but 
only a small degree of shear thickening was observed in the pipe loop for both 
fluid analogue and slurry used. 
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